We report the design, simulation and experimental results of a hybrid silicon laser with side-cladding Bragg grating as wavelength selective component and erbium doped fiber as gain medium. Over 35dB side-mode-suppression-ratio (SMSR) is achieved.
Introduction
Driven by potential applications for optical interconnects in high performance computing, low cost optical access networks in telecommunications and integrated optical sensors, there has been much research in recent years on silicon photonics. The indirect bandgap of silicon means that recombination of carriers injected by electrical pumping is dominated by non-radioactive transitions and thus it is not possible to get optical gain via current injection into silicon diodes. Different approaches such as erbium doping on silicon waveguide [1] , hybrid integration of III-V semiconductors on silicon [2] , silicon Raman lasers [3] and bandgap engineering of silicon germanium for lasers [4] have been investigated. In this paper, we propose and demonstrate a novel approach for making a hybrid silicon laser. Since in most applications of silicon photonics there is a connection to optical fibers, we propose the use of the optical fiber to provide gain and silicon waveguide to provide all the other functionalities needed for a modulated laser. In this paper we propose and demonstrate a hybrid silicon-fiber laser which employs a silicon Waveguide Side-Cladding Distributed Bragg Reflector (WSC-DBR) as the wavelength selective component on silicon-on-insulator (SOI) wafer and a short length of erbium doped fiber (EDF) for the gain medium. Although an external pump laser is needed for the erbium fiber, the proposed approach can potentially allow the implementation of a low cost wavelength-division multiplexing (WDM) laser array at the cost of only a single pump laser, silicon chip and erbium fiber array. The laser wavelength is controlled by the WSC-DBR and the laser array can be readily integrated with silicon modulators and WDM multiplexers for a low cost WDM transmitter. In this paper we demonstrated lasing of the 1480nm pumped WSC-DBR hybrid laser with a side mode suppression ratio (SMSR) of over 35dB.
Device and Simulation Results
The hybrid WSC-DBR silicon laser is composed of two major components: the gain component is formed by 80 cm length of erbium doped fiber (EDF) which is pumped by a 1480nm laser diode; the wavelength selective component is formed by a side-cladding Bragg grating which was fabricated on a silicon-on-insulator (SOI) wafer with a 340-nm top silicon layer and a 2-um thick buried oxide. The waveguide and grating structures were defined by stitching of multiple write fields using electron beam lithography (EBL) and fabricated in a single dry-etch process. The schematic side-view and cross-sectional view of the grating and the waveguide dimensions are shown in Fig. 1 (a) and (b) respectively and the mode confinement simulated by Photon Design is shown in Fig. 1(c) . The side-cladding index perturbations were formed by pillars separated from the waveguide sidewalls by a distance d. The reflected wavelength is determined by the period of the side-cladding Bragg grating. 
N where k 0 is the free-space propagation constant, ȕ is the TE mode propagation constant, ǻn is the refractive index perturbation and E is the unperturbed TE-polarized electric field. When the distance d is increased the effective index perturbations are reduced and thus the coupling coefficient ț is also reduced. From coupled mode theory (CMT), the bandwidth of the light reflected by the WSC-DBR ǻO depends on the coupling coefficient and the length of waveguide grating and the relationship is given by [5]:
where n g is the group refractive index, L is the length of the waveguide grating. Therefore, the coupling coefficient and bandwidth can be adjusted by varying the distance d, as shown in Fig. 2(a) . The coupling coefficient decreases when d increases. The results of finite-difference time-domain (FDTD) simulations are shown in Fig. 2(b) . 
Experimental Results and Discussion
First, the side-cladding Bragg grating and waveguide were fabricated on SOI with a waveguide width and height of 500nm and 200nm respectively. The period of grating is 270nm, d is 360nm and the length is 1000μm. The scanning electron microscope (SEM) image of the fabricated device is shown in the inset of Fig. 3(a) . The transmission and reflection spectra were measured with apodized grating coupler [6] used for fiber-waveguide coupling. The results are shown in Fig. 3(a) and (b). The effective reflection, defined as reflected power over incident power, includes losses of coupling and circulator used in the measurement. The experimental setup of the proposed hybrid silicon laser is shown in Fig. 4 . The laser diode of 1480nm was used as pump laser for EDF (Liekki, Er-80). The WDM coupler was used to combine wavelength components of 1480nm and 1550nm and to isolate back reflection to the laser diode. The 1550nm output was coupled to sidecladding Bragg grating by apodized grating coupler [6] and the reflected light was coupled to the EDF and reflected by circulator. As the apodized grating coupler was designed for TE transmission, a polarization controller was used to optimize the coupling efficiency. The connections formed a closed loop which acted as a lasing cavity. The laser cavity was thus a hybrid combination of the silicon waveguide and the EDF. Output from the silicon waveguide was coupled to a single-mode fiber for further analyses. The relationship of pump power and lasing power and the output lasing spectrum are shown in Fig. 5(a) and (b) respectively. The threshold pump power to achieve lasing condition is about 18mW. Therefore it is of good potential for making a low cost WDM laser array using a single high power 1480nm pump to drive an array of fibers and the silicon photonic integrated circuit. The pump power is shared by the array of erbium fibers while the WSC-DEBs provide the wavelength selection for the desired wavelengths. The optical spectrum from the WSC-DBR laser has a peak wavelength at 1560.73nm, which agrees with the measured reflection spectrum of the WSC-DBR. The linewidth of the laser is much narrower than that of the reflected light from the WSC-DBR because certain spectral range can have sufficient gain over loss, i.e. reaching threshold, and that the positive feedback in laser action further shortens the linewidth. Further improvement of WSC-DBR structure to reduce the total insertion loss is possible leading to lower the threshold pump power. The full-width-half-maximum (FWHM) linewidth of the laser was below the 0.08nm resolution limit of the OSA employed in the measurement. The measured optical spectrum had a side-mode-suppression-ratio (SMSR) of 36.4dB when the pump power was 62.6mW.
Conclusion
We have successfully demonstrated a silicon WSC-DBR laser based on a hybrid silicon-waveguide and erbium doped fiber laser cavity. The laser had a threshold pump power of 18mW and SMSR of 36.4. The fabrication of the WSC-DBR laser may be further improved to reduce the overall insertion loss and to reduce the threshold pump power. There is good potential for future development of WDM laser arrays based on this approach.
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